Abstract What we understand about diabetes from decades of genetics research is now being supplemented with exciting new evidence based on a better understanding of how one of the biggest Benvironmental^factors the body is exposed to is influencing the pathogenesis of disease. The recent discovery that certain dietary nutrients possessing a trimethylamine (TMA) moiety (namely choline/phosphatidylcholine and Lcarnitine) participate in the development of atherosclerotic heart disease has renewed attention towards the contributions of gut microbiota in the development of cardiovascular diseases. Collectively, animal and human studies reveal that conversion of these nutrient precursors to trimethylamine N-oxide (TMAO) depends on both microbial composition and host factors, and can be induced by dietary exposures. In addition, circulating TMAO levels are strongly linked to cardiovascular disease risks and various adverse cardio-renal consequences. Our group and others have further demonstrated that circulating TMAO levels are elevated in patients with type 2 diabetes mellitus compared to healthy controls and gut microbiotadependent phosphatidylcholine metabolism has been implicated in metabolic dysregulation and insulin resistance in animal models. Therefore, preventive strategies to minimize adverse consequences associated with TMAO generation in the diabetic population are warranted.
Introduction
The composition of our microbiome is diverse and complex. Although it is suggested that a core set of microbiota is shared among adults, the few bacterial phyla (Firmicutes and Bacteroides) that are generally represented in the gut can be expanded into thousands of species [1, 2] . The Human Microbiome Project has estimated the number of microbes at over 100 trillion representing at least 5000 different species, and this number will continue to evolve as we learn more about this vast and multifaceted system [3] . One important question to answer is whether certain compositions of microorganisms in our gut are a reflection of disease pathogenesis or a marker of disease response?
Our understanding of diabetes development from decades of genetics research is now being augmented with novel perspectives on how one of the chief Benvironmental^factors the body is exposed to-what we eat-is influencing the pathogenesis of disease. The obesity epidemic in the world is a major driver of increased insulin resistance and type 2 diabetes mellitus (T2DM). Over 80 % of patients with T2DM are overweight. However, there is evidence that this relationship depends on more than just the caloric content of ingested food. Backhed and colleagues first observed that germ-free mice had less body weight compared to their conventional counterparts even with increased caloric intake and, furthermore, these germ-free mice were protected from the development of Bwestern diet^-induced glucose intolerance and insulin resistance [4, 5] . We have also learned that obesity is more than just heritable but also transmissible through microbiome transplantation into germ-free mice [6] . The mechanism appears to involve increased efficiency of energy harvesting in the obesity-related microbiome that may potentially occur via the production of short chain fatty acids [5, 6] . Another factor contributing to insulin resistance may be chronic inflammation as a result of bacteria-promoted endotoxemia [7] . Notably, studies have associated obesity with increased levels of binding proteins against endotoxins as well as the development of insulin resistance [8, 9] .
In order to approach the daunting task of assessing the microbiome, there are various approaches taken to better understand the microbiota composition, the dietary factors that can drive shifts in this composition, and the biomarkers that are reflective of this composition. In this review, we will describe established and novel gut-dependent metabolites and current understandings of the gut flora makeup in the context of T2DM.
Microbiota Produced Metabolites and the Evolving Relationship with Diabetes
Short Chain Fatty Acids (SCFA) Short chain fatty acids are organic fatty acids with one to six carbons. These metabolites are key end products of colonic fermentation and are produced in the distal gut through bacterial fermentation of various macronutrients such as resistant starches, dietary fiber, various sugars, and proteins that escape the upper intestinal digestion. The large majority of SCFAs present in the colon are acetate, propionate, or butyrate [10] , with an approximate intraluminal distribution of 60 % acetate and 20 % each of propionate and butyrate [6, 11] . SCFAs are rapidly and efficiently absorbed via apical solute transporters in a concentration-dependent manner and also help to maintain colonic acid-base balance [10, 12, 13] . Of the major SCFAs that are absorbed, only acetate appears in significant amounts in blood [14] . Acetate can be taken up by the liver or delivered to peripheral tissues and metabolized by muscle cells for energy. Propionate is primarily used in the liver for gluconeogenesis and butyrate is a major source of energy for the ceco-colonic epithelium [10] . Overall, SCFAs of colonic origins are believed to contribute 5-10 % of the energy source in healthy individuals. In addition, fiber-rich diets have been demonstrated to improve insulin sensitivity in subjects with T2DM [15] [16] [17] .
As described in more detail later, two recent metagenomic studies both demonstrated decreased SCFA butyrateproducing bacteria in patients with T2DM [18••, 19••] . This lends support to the idea that SCFA-producing bacteria regulate metabolism and possibly alter the intestinal permeability to drive chronic inflammatory processes. Acting as more than a nutrient source, SCFAs have also been shown to trigger cellspecific signaling cascades. SCFA receptors have been identified and are called G-protein coupled receptor 41 (Gpr41) (also known as free fatty acid receptor 3, FFAR3) and Gprotein coupled receptor 43 (Gpr43) (free fatty acid receptor 2, FFAR2). Both receptors are expressed in various cell types including gut epithelial cells, adipocytes, neutrophils, and monocytes [20, 21] . The signaling mechanism of SCFA demonstrated the influence of microbiota when it was shown that Gpr43-deficient mice are obese when fed a normal diet and yet Gpr43-overexpressing mice remained lean independent of calories consumed [22] . Interestingly, when these mice were treated with antibiotics, both mice types displayed a normal phenotype regardless if they were raised in germ-free environments or not. The authors also demonstrated that SCFA activation of Gpr43 suppressed insulin signaling and acted as a sensor for excessive dietary energy. Conversely, both Gpr41-deficient mice with a conventional microbiota and gnoto biotic Gpr41−/− mice colonized with the human distal gut microbes Bacteroides thetaiotaomicron and Methanobrevibacter smithii are observed to have reduced adiposity compared to their wild-type counterparts. This difference is lost when Gpr41-deficient and wild-type mice are both raised germfree [23] .
Many other potential mechanisms of SCFAs and their functions in metabolism have linked the interactions of diet and microbiota content. For example, SCFAs such as butyrate may protect against diet-induced insulin resistance. This can occur through engagement of Gpr43 and 41 and the release of glucagon-like peptide 1 (GLP-1), an incretin hormone that can improve insulin secretion and resistance as well as preserve beta-cell function [24, 25] . The main location of GLP-1-secreting cells is the distal ileum and colon and, interestingly, rectal but not intravenous infusions of SCFAs in humans stimulates an abrupt increase in GLP-1 secretion [26] . Furthermore, increased insulin sensitivity was found after subjects with metabolic syndrome were infused with butyrateproducing intestinal microbiota from lean donors [27] . Intake of dietary fibers and the subsequent SCFA profile are also associated with an anti-inflammatory response in the body [28] . This is in contrast to a high fat diet that is associated with a reduced amount of SCFA and increased lipopolysaccharide levels suggesting the colonization and secretion of endotoxins by gram-negative bacteria in order to stimulate an inflammatory response [9, 29] . SCFAs appear to promote the integrity of gut epithelial tight junctions as well as prevent the secretion of proinflammatory mediators such as TNF-α and IL-12 while also increasing the release of antiinflammatory cytokine IL-10 [30] [31] [32] . These observations could perhaps explain some of the beneficial effects of SCFAs in countering the endotoxemia and chronic inflammation that underlie the development of obesity and insulin resistance.
Trimethylamine N-oxide (TMAO)
Recently, dietary nutrients contributing to the gut-dependent formation of trimethylamine N-oxide have become a novel research and therapeutic target as participants in cardiovascular disease. TMAO is a gut flora-dependent metabolite that has been linked to adverse cardiac and renal outcomes, illustrating the connection between diet and disease. Moreover, beyond the dietary relationship between TMAO precursors and disease, the discovery of TMAO has allowed us to utilize a potential new model to study the effects of gut metabolism that does not rely on comparing the complexities of the gut ecosystem as an endpoint. A meta-organismal pathway has been elucidated and refined to show that micronutrients such as phosphatidylcholine, choline, betaine, γ-butyrobetaine, and L-carnitine can participate in the development of atherosclerosis through the intestinal microbiota-dependent generation of TMA and subsequent absorption followed by host hepatic conversion of TMA to TMAO through flavin monooxygenase 3 (FMO3) [33, 34] . Furthermore, the susceptibility to disease phenotype transmitted by TMAO-generating microbiota has been demonstrated in mice cecal transplantation models by Gregory et al. [35] . Wang et al. utilized metabolomic profiles to find that TMAO, betaine, and phosphatidylcholine had significant relationships among one another and predicted an increased risk for cardiovascular disease (CVD) [36•] . These risk associations have been repeatedly shown in large observational trials [37, 38•, 39, 40] . Interestingly, a separate study that analyzed plasma metabolites in diabetes patients yielded similar plasma correlations among TMAO, carnitine, and choline although TMAO was not significant for predicting diabetes (p=0.11) in this group's analysis [41] . However, due to the close relationship between diabetes and cardiovascular disease, it is not surprising that more recent TMAO studies found a higher presence of diabetes mellitus in various disease cohorts exhibiting elevated TMAO [37, 38•, 39, 40] . In addition, we have observed that the presence of diabetes in patients from a heart failure cohort was associated with statistically significant elevations in plasma TMAO [39] . More evidence from Lever et al. has identified plasma TMAO and betaine (synthesized from choline) to be elevated in patients with T2DM as compared to those without diabetes. They also reported altered levels of these metabolites to be predictive of various adverse outcomes such as death, heart failure, and secondary myocardial infarction [42] . Similarly, our group has recently observed that the presence of diabetes in patients from a heart failure cohort was associated with statistically significant elevations in plasma TMAO [39] . In addition, Gao and colleagues showed that dietary TMAO supplementation in mice exacerbates impaired glucose tolerance, insulin signaling, and promotes adipose tissue inflammation [43] . Moving beyond studies of association, one exciting recent study identified FMO3 and TMAO through a metabolic and transcriptional screen to be highly elevated in Liver Insulin Receptor Knockout (LIRKO) mice [44••] . It was demonstrated that insulin downregulates the expression of FMO3 while glucagon has the opposite effect. In this study, Miao et al. observed that LIRKO mice (as well as several other mouse models of diabetes) are unable to respond to insulin and subsequently have robustly elevated FMO3 expression along with serum TMAO levels. They then showed that knockdown of elevated FMO3 completely normalized glucose tolerance and improved insulin tolerance in these LIRKO mice through the suppression of FoxO1. This recent report suggests that the FMO3/TMAO pathway may play an important role in the pathophysiology of diabetes. Interestingly, with known mechanisms between TMAO and cholesterol metabolism, FMO3 knockdown also prevents hypercholesterolemia and atherosclerosis allowing us to come full circle and link TMAO to both diabetes and cardiovascular disease [44••, 45] . A summary of TMAO metabolism can be reviewed in Fig. 1 .
Previous studies on TMAO have focused on the deleterious influences on cardiovascular and kidney pathophysiology, and the results have consistently shown the close microbiotadependence of TMAO generation [33, 46, 47•] . This conditional mechanism allows us to systematically assess the relationship between various metabolites and how they can influence physiology directly through the gut flora; it is an alternative method compared to trying to classify and identify specific species of bacteria which may vary greatly depending on numerous environmental factors. A common contributing factor towards cardiometabolic dysregulation, such as gutmediated low grade chronic inflammation as a result of endotoxemia or the recently implicated FMO3/TMAO alterations, makes plasma TMAO a provocative marker to monitor how dietary efforts can modify phenotype. Moreover, the direct involvement of TMAO in disease processes such as atherosclerosis and insulin resistance suggests that TMAO and its related metabolites can be used as a guide towards the development of novel markers suitable for studying the diabetes disease process. Here, we briefly review relevant aspects of TMAO metabolism and the pathogenesis of cardiometabolic disorders.
Choline and Betaine
Choline is an essential nutrient found in animal and plant products and is required for phospholipid membrane formation as a component of phosphatidylcholine [48] [49] [50] . It is a precursor to the neurotransmitter acetylcholine and choline deficiency has been linked to neurological impairment [51] . Choline's direct oxidation product is betaine, which plays important roles in cell volume regulation, cell stability, and the regulation and detoxification of homocysteine [52] . Although increased betaine excretion is believed to be a shared feature among those with cardiometabolic diseases, studies have also shown that both elevated and deficient levels of betaine are associated with these disease settings [53, 54] . It is possible that increased betaine-homocysteine methyltransferase activity or betaine efflux dysregulation, among many potential hypotheses, can result in increased betaine depletion in diabetes [42, 55] . Associations of choline and betaine with diabetes have also been made by several groups [42, 53, 56, 57] . Moreover, several studies have observed increased levels of choline and betaine associated with the increased incidence of coronary syndrome as well as increased blood lipid levels [39, 40, 42, [58] [59] [60] [61] [62] . This provides evidence for the relationship between choline and betaine with diabetes and cardiovascular health. However, the evidence is muddied by the fact that some choline and betaine intake studies show only limited associations with cardiovascular morbidity [63, 64] . Therefore, the mixed evidence compels us to further elucidate mechanisms of choline metabolism that may provide additional clues about the relationship between this dietary nutrient and cardiometabolic disease.
It has been recently observed that TMAO is formed from orally ingested choline and betaine, and that the generation of TMAO from its precursors is dependent on intact gut flora [36•, 40, 47•] . Furthermore, TMAO has been demonstrated to play a mechanistic role in the development of accelerated atherosclerosis and chronic kidney disease [40, 47•] . Previous studies have also shown that the administration of antibiotics in humans had only limited effects on the blood circulating levels of choline and betaine, despite abolition of TMAO levels. Furthermore, the presence of elevated plasma levels of choline and betaine, which individually are associated with poorer prognosis, only confers this added risk when associated with similar increases in TMAO [40] . These observations suggested that TMAO, rather than the presence of exposure to its substrates such as choline or betaine, may be the major driver for the development of future cardiovascular events. Recent unpublished data from our research group has found associations between elevated TMAO, choline, and betaine levels and increased mortality across glycemic status, as well. In addition, TMAO also appeared to be the strongest predictor for adverse prognosis compared to choline and betaine in the setting of T2DM (unpublished work). Interestingly, a previous study from Dumas et al. detailed a close relationship between Fig. 1 Overall scheme showing microbiota-dependent pathways for conversion of various precursors to the TMAO metabolite. Choline is metabolized into TMA through microbial mechanisms in the gut. Choline can also be directly oxidized to betaine, which plays a role in homocysteine detoxification as a methyl-group donor. Similarly, dietary L-carnitine is preferentially metabolized in the gut into gammabutyrobetaine (γBB) at a 1000-fold higher rate than its direct conversion to trimethylamine (TMA). L-carnitine can also be endogenously synthesized from γBB but this latter metabolite is largely shunted towards TMA production. The gut microbiota can oxidize some TMA into trimethylamine N-oxide (TMAO) while the remaining TMA is absorbed and delivered to the liver and processed by flavin monooxygenases (FMO) to form TMAO decreased choline bioavailability alongside increased TMA excretion in association with dietary-induced insulin resistance and nonalcoholic fatty liver disease. Mouse models in their study also exhibited strain-specific gut microbial metabolism with a high fat diet, which suggested genetic contributions to the determination of the gut microbiome [65] . Therefore, the dependence of TMAO on gut microbiota composition and its dietary relationship with choline and betaine lead us to believe that these phosphatidylcholine (PC) metabolites' functional metabolic consequence may contribute to increased mortality as a potential pathogenic link between the gut microbiota pathways and diabetes progression.
Carnitine and γ-Butyrobetaine
L-carnitine is a vital molecule for lipid metabolism and plays a key role in the transport of activated fatty acids between the cytosol and mitochondria. Within the mitochondria, it acts as a cofactor in the beta-oxidation of long chain fatty acids through the facilitation of fatty acid entry via the carnitine-palmityl transferase system and exit via the carnitine acyl transferase system [66] . This non-protein amino acid is a conditionally essential nutrient that is mainly derived from dietary sources such as meat, fish, and dairy products but can also be endogenously synthesized in the liver and kidney from the amino acids lysine and methionine. Although the cells within our body can synthesize L-carnitine, only prokaryotic organisms such as those found within the enteric system can catabolize it. L-carnitine has been a popular supplement with data suggesting it would be associated with an improvement in glycemia and plasma lipids [67] [68] [69] [70] . Alterations of fatty acid transport can result in accumulations of acyl-CoA, diacylglycerol, and fatty acids within the cytosol or mitochondrial and lead to dysregulation of insulin signaling. Therefore, carnitine's role in the bidirectional transport of lipids is believed to help with problems of lipid overload to improve insulin sensitivity. The research on beneficial effects of L-carnitine in diabetes poses an interesting question when paralleled with recent research suggesting gut bacterial metabolism of carnitine to TMAO can accelerate the progression of atherosclerosis and increase CVD risk. Reviewing evidence from clinical studies in carnitine supplementation for T2DM and CVD has mixed results. A meta-analysis of placebo-controlled carnitine supplementation trials in T2DM suggested that carnitine can lower total cholesterol as well as fasting glucose [70] . However, this meta-analysis also noted a lack of studies with adequate methodological quality with only four studies and a total of 284 study subjects that were analyzed. Furthermore, this analysis also noted a decrease of HDL in carnitine-supplemented patients with T2DM. This supports experimental evidence of TMAO-mediated inhibition of reverse cholesterol transport; in this case, carnitine supplementation can result in increased production of TMAO [47•] . Similarly, meta-analyses of placebo-controlled trials to evaluate the role of L-carnitine in secondary prevention of CVD suggested reductions in lethal ventricular arrhythmias and development of angina. However, 11 of 13 studies in these meta-analyses, including two large studies with over 1000 subjects, failed to demonstrate any clinical benefit with short-term carnitine supplementation [71] . In addition, another recent meta-analysis on the effects of oral carnitine for the prevention of secondary acute MI concluded that there appeared to be no significant benefit [72] .
γ-Butyrobetaine was previously known to be the immediate biosynthetic precursor for carnitine in the endogenous carnitine synthesis pathway. A recent study to determine intermediates in the metabolism of TMAO has shown that γ-butyrobetaine is also produced from the gut conversion of Lcarnitine as an alternate pathway for TMAO generation [33] . Koeth et al. discovered that the gut conversion of L-carnitine to γ-buytrobetaine to TMA is 1000× more efficient than the direct conversion of L-carnitine to TMA. Furthermore, their study revealed that the gut microbiota composition of mice supplemented with carnitine and those supplemented with γ-butyrobetaine differ significantly, despite the structural similarities of these metabolites. These findings are also supported by the fact that conversion of the upstream metabolites Lcarnitine to γBB starts in the jejunum while conversion to TMA occurs mainly within the cecum and to a lesser extent along the rest of the intestinal tract. This suggests different sections of the gut are occupied by different microbial ecosystems that promote a collaborative metabolism of L-carnitine; as active carnitine transporters at the duodenum and jejunum are saturated, a two-step bacterial-mediated process converts remaining L-carnitine to γBB and finally to TMA. The authors further identified a potential enzyme complex, yeaW/X, that directly transforms L-carnitine to TMA. This shows the variety by which bacterial mechanisms can generate TMAO. In addition, it has been previously reported that expression of the cutC gene by bacteria such as Desulfovibrio can increase the conversion of choline to TMA [73] . Furthermore, a recently discovered unusual Rieske-type oxygenase from the human microbiota was shown to be able to convert L-carnitine in culture to TMA [74] . These insights compel us to consider how specific bacteria that provide metabolic benefits can be altered through analogous approaches of mechanistic alterations. Therefore, further investigation of how energy homeostasis can be affected by various routes of metabolism for important dietary nutrients is critical for the progression of this field.
What Our Gut Microbiota Composition May Tell Us About Our Health
One of the goals of sequencing the gut flora is to identify species of bacteria that provide specific functional advantages for the human metabolism. Attempts to identify core species that colonize our intestines have revealed certain players such as Faecalibacterium prausnitizii, Roseburia intestinalis, and Bacteroides uniformes [75] . However, in some individuals, these species can still represent less than 0.5 % of the microbes present [76] . Similarly, specific species in the setting of diabetes have been studied with the goal of quantifying specific gut signatures that may aid in the diagnosis and treatment of disease. F. prausnitizii is a prototypical anti-inflammatory component of the gut flora while R. intestinalis is a butyrate producer. Many studies have associated lower concentrations of these bacteria in patients with metabolic syndrome, diabetes, and obesity [18••, 19••, 77-79] . However, functional evidence is still lacking for these associations.
Metagenome-wide Associations
Recent metagenome-wide association studies (MGWAS) by two independent groups from China and Europe demonstrated the potential relationship between the gut microbiota and T2DM pathophysiology [18••, 19••] . Both groups reported the discovery of metagenomic differences between patients with T2DM and a group of healthy control subjects. The first evidence from high-throughput sequencing on patient stool samples was published by Qin et al. In their study, patients with T2DM were described to exhibit a Bmoderate^intestinal dysbiosis with more than a 3 % difference in gut microbial genes [19••] . This group utilized a concept that they termed metagenomic linkage group analysis, which draws comparisons based on groups of linked genetic material as one unit as opposed to independently distributed like in traditional taxonomic-based approaches. Within their clinical cohort, the patients with T2DM were characterized by a lower proportion of the butyrate-producing Clostridiales members R. intestinalis and F. prausnitizii and subsequently reduced butyrate biosynthesis as well as increased abundance of opportunistic pathogens and oxidative stress response. Interestingly, the Chinese group also noted increases in Desulfovibrio species in their T2DM cohort, which have been shown to be capable of converting choline to TMA. A second large MGWAS study from Karlsson et al. studied a cohort of 70-year-old European women consisting of participants with normal glucose tolerance, impaired glucose tolerance, or T2DM [18••] . They also utilized a technique that went beyond the traditional species-based approach and assembled metagenomic clusters, which consisted of gene sets that had high correlation based on their presence in subject analysis profiles. Their investigation also discovered a depleted abundance of prototypical butyrate producers Roseburia and F. prausnitizii that was highly discriminant for T2DM and increases in opportunistic pathogens such as Clostridium clostridioforme, which is associated with bacteremia.
Despite these similarities, the overall results of the two studies did not align as closely as one would imagine.
Different discriminatory metagenomic clusters were found when the European group used their classification model on the Chinese T2DM cohort. Given the smaller number of patients analyzed in the European study (n=53), different sequencing techniques, and the heterogeneity (age, gender, use of diabetes medication) of the Chinese cohort, there are many potentially confounding factors that may have contributed to the classification differences. Nonetheless, these groups independently identified greater proportions of non-butyrateproducing bacteria in their respective cohorts compared to non-diabetic patients and raised an interest in the association between gut dysbiosis and the diabetic disease state. These studies are a foundation for future research in the refinement and expansion of the metagenomics toolbox to aid in the development of novel diagnostic biomarkers.
Other Bacterial Species
Other bacteria such as Akkermansia muciniphila, part of the Verrucomicrobia phylum, while not a dominant phyla within the gut is found in many individuals as a minor constituent [1] . Akkermansia is a mucin-degrading bacterium and its gut concentration has been shown to be inversely correlated with higher body weight and diabetes [80, 81] . A recent study by Everard et al. in mice models showed that a prebiotic diet containing oligofructose, a constituent of the luminal mucin layer that activates goblet cells, can increase levels of Akkermansia and improve metabolic functions [82] . Furthermore, they showed that similar treatment by direct administration of Akkermansia reduced body weight and reversed hyperglycemia. Evidence has also shown increased Akkermanisa concentrations after metformin treatment [83] . These studies suggest that Akkermansia might restore the gut mucus layer and thereby decrease gut permeability, and may exert an anti-inflammatory effect as well. However, controversial data also show increased Akkermansia in rats fed a high fat diet, and Akkermansia was observed to be more abundant in patients with T2DM from the Qin et al. metagenomics study [19••] . In the investigations of TMAO metabolism, as previously mentioned, different bacterial compositions resulted from γBB and carnitine supplementation. It was notable that Akkermansia was significantly associated with TMAO production in γBB-supplemented mice but not L-carnitinesupplemented mice [33] . Although great uncertainty still lies within this field, these examples show us the potential of what can be achieved by increasing our understanding of the mechanisms through which microorganisms influence our energy balance.
Studies of gut microbiota response to dietary modification have demonstrated the ability to rapidly alter gut microbiome composition [84] . Diets rich in animal protein and saturated fats are seen to favor a Bacteroides enterotype while carbohydrate-enriched diets favor a Prevotella enterotype [85] . However, among several studies, it has also been observed that a Prevotella enterotype correlates with higher TMAO levels, but the individuals in this group were predominantly omnivores rather than vegetarians/vegans suggesting more complexity than anticipated [47•] . Another recent study from David et al. showed that short-term dietary interventions can significantly alter the gut's microbiota. In this study, the group observed changes from baseline microbial communities after as little as 1 day [86] . They noted interesting findings such as decreased SCFAs as well as an increase of biletolerant organisms when following animal-based diets compared to plant-based diets. A rapid response to differing dietary functional profiles in humans raises confidence that our gut flora is easily modifiable in ways that can have a major impact on both the cause and treatment of the dysbiosis that contributes to diseases like diabetes.
Conclusions
The investigation into how the microbiome can drive therapeutic interventions is a stimulating and blossoming field. Recent metagenomic studies have provided new insights into the composition of normal and diseased microbiomes. These studies oblige us to consider the usefulness of metagenomic diagnostics in the clinical setting. However, it is important to note that current logistical complications make quantifying proportions of bacteria in feces for clinical assessment more difficult, while the process of transport, handling, and sequencing may influence results [87] . Furthermore, without solid mechanistic insight into how pre and probiotics associate with disease phenotypes, the hastened clinical utilization of novel therapies like fecal transplant to alter the gut flora may not yield the expected results [18••] . In contrast to the quantification of various microbial species through either genetics, functional classes, or more advanced algorithms, the ability to measure blood levels of a microbial-dependent product with biologically active effects may be a more appealing alternative therapeutic indicator. One such example is TMAO in the setting of cardiovascular disease. Although relatively new, TMAO is a marker that has been shown to be predictive of future CVD risk in multiple large clinical studies [37, 38•, 39, 40] . While definitive results are not yet available for TMAO as a gut microbial-dependent marker for diabetes, efforts should be made to search for similar types of metabolites which can be used to monitor the efficacy of dietary or other means of therapeutic interventions. Numerous research efforts are currently underway to investigate mechanisms by which intestinal microbiota can alter various human metabolic processes. Because a large majority of currently available evidence has been based on in vitro work, long-term prospective studies in humans are necessary in order to determine if the observations from the lab can be applied to individuals from various regional backgrounds. Exciting times lie ahead as future studies discover the mechanistic links between the associations observed today. These future discoveries will propel novel therapeutics towards the manipulation of unique microbiota compositions and functions with the ultimate goal of preventing disease.
